Introduction
Polyfunctional molecules bearing P-, N-and/or S-donor centres are suitable ligands for the coordination of one or various metal centres leading to homo-or heteropolynuclear compounds. Thus, it is possible to prepare a broad family of compounds that display very different structural arrangements and, in some cases, special physical properties associated with them. These may be used for a number of special applications including chemotherapy, diagnosis, electron microscopy and surface technology.
1-5
As a part of our ongoing research, we focused on phosphinothioformamide ligands, 6 prepared by reaction of isothiocyanates and diphenylphosphine (Scheme 1), since they can promote selective coordination to gold(I) via the phosphorus atom, but in the vicinity of other donor centres, leading to new and interesting structural arrangements, which are also influenced by the ability of Au(I) to promote aurophilic interactions.
The use of different alkyl or aryl isothiocyanates as starting materials permits, in principle, the preparation of new phosphinothioformamide ligands varying the substituents at nitrogen and/or phosphorus sites, which leads to variations in their electronic properties and, hence, in their coordination abilities. In this sense, we thought that the use of the isothiocyanate C 6 F 5 -N=C=S as starting material would lead to a new type of phosphinothioformamide ligand with different donor properties compared to the already reported with Me-or Ph-substituents, taking into account the higher electron accepting properties of the polyfluoroaromatic ring. Nevertheless, the addition of PPh 2 H to C 6 F 5 -N=C=S pro- S1) ; TDDFT excitations and MOs for 1a and 3a (Fig. S2-S5 ); population analysis (Tables S1-S2 ). See DOI: 10.1039/b517728f
Scheme 1 General synthesis of phosphinothioformamide ligands and mechanism of addition (A) and intramolecular aromatic nucleophilic substitution (B) for the formation of the phosphinobenzothiazole ligand.
duces a phosphinotetrafluorobenzothiazole ligand in quantitative yield by initial formation of the desired phosphinothioformamide ligand (see above) and a subsequent secondary transformation consisting of an intramolecular nucleophilic substitution of fluorine leading to the thiazole ring (Scheme 1). This result seems to be favoured by the characteristics of the pentafluorophenyl ring, since the electronegativity of fluorine favours nucleophilic attack on the electrophilic carbon centre and at the same time fluorine has been reported to be a good leaving atom. This type of perfluorobenzothiazole moiety has been reported as a secondary product in the addition reaction of thiourea to C 6 F 5 -N=CClR (R = C 6 H 5 , C 6 F 5 ) leading to aryl substituted perfluorobenzothiazoles following a similar addition plus intramolecular nucleophilic aromatic substitution mechanism. 7 Also, the intramolecular cyclation of N-pentafluorophenylthioamides leads to perfluorobenzothiazole units.
Results and discussion
The ligand diphenylphosphinotetrafluorobenzothiazole Ph 2 P-(CNS)(C 6 F 4 ) 1 is synthesized by refluxing in toluene an equimolecular mixture of diphenylphosphine and pentafluorophenylisothiocyanate under an argon atmosphere. The control of the reaction through 31 These data support the mechanism of addition and subsequent intramolecular nucleophilic aromatic substitution by initial formation of the dithioformamide species.
The ligand Ph 2 P(CNS)(C 6 F 4 ) reacts with gold(I) starting materials such as [AuCl(tht)] or [Au(C 6 F 5 )(tht)] (tht = tetrahydrothiophene) in a 1 : 1 molar ratio, leading to compounds of stoichiometry [AuCl{Ph 2 P(CNS)(C 6 F 4 )}] 2 or [Au(C 6 F 5 ){Ph 2 P-(CNS)(C 6 F 4 )}] 3, respectively, by displacement of the labile ligand tht. All physical and spectroscopic properties are in accordance with the proposed stoichiometries and both crystal structures have been established by X-ray diffraction studies.
By layering a dichloromethane solution of 2 with diethyl ether or by slow evaporation of a CDCl 3 solution of 3, single crystals suitable for X-ray diffraction studies were obtained. Fig. 1 and 2 show the molecular structures and Tables 1 and 2 
88.49 (16) bond distances and angles for 2 and 3, respectively. The crystal structures consist of mononuclear [AuX{Ph 2 P(CNS)(C 6 F 4 )}] (X = Cl (2), C 6 F 5 (3)) units, with the gold(I) centre linearly coordinated to Cl (2) or C 6 F 5 (3) and to the phosphorus atom of the benzothiazolephosphine ligand with a maximum deviation from linearity of 4.41 • in 3. The Au-P distances of 2.2252 (12) (2) 6a respectively, and show a higher trans influence of the C 6 F 5 group when compared to the chlorine atom.
Regarding the Au-Cl and Au-C bond lengths, of 2.2759(13) (2) and 2.054(3) Å (3), respectively, they are also similar to those found in the compounds mentioned above (from 2.275(1) to 2.2866(8) Å for Au-Cl and from 2.041(8) to 2.074(7) Å for Au-C). The bond lengths and angles within the thiazole ring compare well with those found in other derivatives containing this group.
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Finally, both crystal structures also show intramolecular Au · · · S weak interactions of 3.4603 (12) (2) 
11
On the other hand, benzothiazole ligands are known to display interesting photophysical properties improving the photostability and emission intensity in conjugated systems as well as in the complexes that contain them.
12,13 Also, the presence of gold(I) in the complexes should enhance the phosphorescence and, on the other hand, fluorinated materials facilitate thin film fabrication and offer thermal and oxidative stability.
14-20 These are important characteristics in the products used as emitting materials for lightemitting devices (LED's).
The benzothiazole ligand 1 as well as the complexes 2 and 3 exhibit bright luminescence in the solid state at room temperature and at 77 K and in glass media at 77 K (see Fig. 3 and Table 3 ), but neither in deoxygenated dichloromethane nor in acetonitrile solutions. The absorption spectra for the three compounds in CH 2 Cl 2 show similar bands at high energy for the ligand and both complexes (e of the order 10 4 dm 3 mol −1 cm −1 ) in the UV region and, in addition, the ligand displays a lower energy band at 297 nm. The fact that the higher energy bands are similar for the complexes and the ligand suggests intraligand 1 IL (p → p*)(N-C) transitions. Similar assignments in related benzothiazole ligands have been reported previously. 12 The band placed at lower energy is tentatively assigned to a 1 IL (n → p*) transition, which is absent in the case of the gold complexes. Theoretical TD-DFT calculations (see below) agree with this assumption. The excitation peaks in the solid state are red shifted from the absorption bands seen in solution suggesting spin-forbidden transitions. Also, the lifetime measurements, in the solid state at room temperature, in the microsecond range are consistent with this and, therefore, with phosphorescence. The presence of gold in the complexes seems to affect the luminescence increasing the intensity of the emission and the lifetime of the excited states responsible for it.
The emission bands for complexes 2 and 3 at 77 K in the solid state and in an alcohol glass appear at similar energies and with similar structures. Both display peaks in the ranges 445-461, 474-488 and 507-516 nm with tailing extending to ca. 600 nm, nevertheless, in the case of ligand 1 the emission is broad and unstructured even at low temperatures (see Fig. 3 ) The spacing between peaks in the case of complexes 2 and 3 is about 1400 cm −1 , which is assigned to a vibrational mode of the heterocyclic ring of the ligand, which also appear in their IR spectra. These facts are indicative of different origins of the excited states in the ligand and in the gold complexes. Thus, while the anionic ligand bonded to gold (Cl 2, C 6 F 5 3) seems not to affect the transitions, since one would expect a bigger difference in the energy of the emissions for both complexes, the presence of the gold centre must influence the electronic structure of the ligand, because the emission appears at different energy and does not show any structure. Therefore, what seems likely is that in the case of the free ligand the origin of the transition is the free electron pair of the unsaturated phosphorous atom giving rise to a n(P) → p*(heterocyclic ring) excited state, while the coordination of this phosphorus to the gold centre leads to a gold-perturbed p → p*(heterocyclic ring) excited states in the complexes 2 and 3, respectively.
These results are supported by the analyses of the molecular orbitals and the theoretical excitations obtained by DFT and TD-DFT calculations, respectively. Taking into account the accessible computational costs we have used as a theoretical model system 3a, the molecular geometry of which has been obtained through X-ray diffraction analysis for complex 3, that represents the photophysical behaviour of complexes 2 and 3 and a fully DFT-B3LYP optimized model system 1a that represents ligand 1.
In order to reproduce theoretically the absorption spectra of ligand 1 and complex 3 we carried out time-dependent DFT calculations of the first few singlet excitations for models 1a and 3a (see ESI ‡ for 1a). The obtained results confirm the above mentioned character of the spin allowed transitions observed experimentally. Thus, for the ligand 1 the character of the occupied orbitals involved in these excitations agree well with a n(P) character for the low energy band at 297 nm and a p character for the high energy bands at 233 and 268 nm, meanwhile for complex 3 a p character (slightly gold-perturbed) for the bands at 242 and 278 nm is observed. The p* character for the empty orbitals is also confirmed in both cases. Moreover, the energy of the oscillator strengths for the predicted theoretical excitations for models 1a and 3a clearly matches the experimental ones (see Fig. 4 for model  3a) . As we have mentioned before, the experimental excitation peaks responsible for the emissions of 1-3 in the solid state are red shifted from the absorption bands suggesting spin-forbidden transitions. In this sense, we have used TD-DFT calculations to predict the energy of the lowest triplet excitation for each case that could be assigned to the experimental energy excitation that leads to phosphorescence (Fig. 5) .
From the photophysical measurements at low temperature in the solid state and in glassy solution a different behaviour is observed for the ligand 1 and for the complexes 2 and 3. The unstructured emission band observed for the ligand could be assigned to the theoretical triplet transition between the 99a and 100a orbitals (see Fig. 5 ) at 352 nm (experimental: 350 nm) leading to a n(P) → p* transition as predicted experimentally. On the other hand the structured emission for 3, consistent with starting orbitals located at the heterocyclic ring, is in agreement with the theoretical triplet transition that, upon coordination of the P atom to the gold fragment, takes place between p (147a) and p* (150a) orbitals of the C 6 F 4 (CNS) heterocyclic ring at 399 nm (experimental: 388 nm).
Experimental General
The compounds [AuCl(tht)] 21 and [Au(C 6 F 5 )(tht)] 22 were prepared by literature methods. The starting materials PPh 2 H and C 6 F 5 NCS were purchased from Sigma-Aldrich and used as received.
Instrumentation
Infrared spectra were recorded in the 4000-200 cm −1 range on a Perkin-Elmer FT-IR Spectrum 1000 spectrophotometer, using Nujol mulls between polyethylene sheets. C, H, N, S analyses were carried out with a C.E. Instrument EA-1110 CHNS-O microanalyser. Mass spectra were recorded on a HP-5989B Mass Spectrometer API-Electrospray with interface 59987A. 1 
Synthesis
Ph 2 P(CNS)(C 6 F 4 ) (1). To a solution of (C 6 F 5 )NCS (0.6 mL, 3.54 mmol) in 30 mL of toluene was added Ph 2 PH (0.5 mL, 3.54 mmol) under an Argon atmosphere. The resulting yellow solution was heated under reflux for 6 hours and then cooled to room temperature. The solvent was removed in vacuo, and the yellow oily residue was treated with ethanol. Then, the solution was cooled in the refrigerator until yellow crystals of 1 appeared. Crystal data for 2 and 3 were measured at −100 • C using a Nonius KappaCCD diffractometer, Mo-Ka radiation, x and φ-scans. The structures were solved by direct methods and refined anisotropically on F 2 . 23 Hydrogen atoms were located in the Fourier map and refined without restrictions. Absorption correction: multi-scan.
CCDC reference numbers 292271 and 292272. For crystallographic data in CIF or other electronic format see DOI: 10.1039/b517728f
Computational details for TD-DFT calculations
The molecular structures used in the theoretical studies on Ph 2 P(CNS)(C 6 F 4 ) 1a and [Au(C 6 F 5 ){Ph 2 P(CNS)(C 6 F 4 )}] 3a were taken from the X-ray diffraction data for [Au(C 6 F 5 )-{Ph 2 P(CNS)(C 6 F 4 )}] 3, respectively. For model 1a a full geometry optimization was carried out. Keeping all distances, angles and dihedral angles frozen, single-point DFT calculations were performed on model 3a. In both the ground-state calculations and the subsequent calculations of the electronic excitation spectra, the B3LYP functional 24 as implemented in TURBOMOLE
25
was used. The excitation energies were obtained at the density functional level by using the time-dependent perturbation theory approach (TD-DFT), 26-30 which is a DFT generalization of the Hartree-Fock linear response (HF-LR) or random-phase approximation (RPA) method. 31 In all calculations, the Karlsruhe split-valence quality basis sets 32 augmented with polarization functions 33 were used (SVP). The Stuttgart effective core potential in TURBOMOLE was used for Au. 34 Calculations were performed without any assumption of symmetry for 1a and 3a.
